The low luminosity of Uranus is a longstanding challenge in planetary science. Simple adiabatic models are inconsistent with the measured luminosity, which indicates that Uranus is non-adiabatic due to the existence of thermal boundary layers and/or conductive regions. A gradual composition distribution acts as a thermal boundary to suppress convection and slow down the internal cooling. Here we investigate whether composition gradients in Uranus' deep interior can explain its low luminosity, what composition gradient is required, and whether it is stable for convective-mixing for a timescale of billion of years. We vary the primordial composition distribution and the planet initial energy budget, and opt the models that fit Uranus measured properties (radius, luminosity, and moment of inertia) at present time. We present several alternative non-adiabatic internal structures that fit Uranus measurements. It is found that convection-mixing is limited in Uranus interior and a composition gradient is stable and sufficient to explain its current luminosity. As a result, Uranus' interior could still be very hot, in spite of its low luminosity. The stable composition gradient also indicates that Uranus' current-state internal structure is not very different from its primordial one. Moreover, initial energy content of Uranus cannot be greater than 20% of its formation (accretion) energy. We also find that an interior with ice+rock mixture, rather than separated ice and rock shells, is consistent with measurements, suggesting that Uranus might not be "differentiated". Our models can explain Uranus' luminosity and are also consistent with its metal-rich atmosphere, and the predictions for the location where its magnetic field is generated.
Introduction
Uranus and Neptune, the solar system ice giants, are often considered as twin planets, mainly due to similar measurements of mass, radius, magnetic field, and atmospheric metallicity (Guillot & Gautier 2014; Helled & Guillot 2018) . One fundamental difference between the planets is their luminosity: while Neptune's luminosity seems to be consistent with an adiabatic structure, Uranus' luminosity is significantly lower, indicating very low to zero intrinsic flux (Hubbard et al. 1995; Fortney et al. 2011; Nettelmann et al. 2013) .
The planetary luminosity is an outcome of the planet's cooling history. The low luminosity of Uranus indicates that either it has lost all its energy or that the energy is still captured inside. If the former is the case, the interior is cold and in thermal equilibrium with the Sun radiation. Then, it is unclear how Uranus became so cold while the other planets are still cooling. The other possibility is that a gradual composition distribution affects the heat transport and slows down the cooling (Podolak et al. 1991; Marley et al. 1995; Podolak et al. 1995) . A gradual distribution of the heavy elements is consistent with Uranus interior constraints (Podolak et al. 2000; Helled et al. 2011) . A decrease of mean molecular weight outwards can suppress convection and act as a thermal boundary (Ledoux 1947) . Such a thermal boundary insulates the inner heat from the outer envelope and therefore the luminosity is low (Podolak et al. 1991; Nettelmann et al. 2016) .
A composition gradient in the ice giant is in fact a natural outcome of formation models. During the planetary growth accreted solids evaporate in the gaseous envelope, mainly because of friction and gravitational energy liberation. Recent works that studied the composition distribution during planet formation (Helled & Stevenson 2017; Lozovsky et al. 2017; Brouwers et al. 2018; Bodenheimer et al. 2018; Valletta & Helled 2018) show that the resulting structure is probably gradual, and not a distinct core-envelope structure. A gradual distribution is found for formation locations with relatively low solid-surface densities, as expected for the ice giants (Helled & Stevenson 2017) The key question is then whether a gradual composition distribution can actually exist (rather than be assumed) in Uranus' interior today. For that the gradient should fulfill the three following criteria: (i) it should be stable against convection and mixing throughout the evolution; (ii) it should create a sufficient thermal boundary to slow Uranus' cooling and reproduce its measured luminosity; (iii) it should be consistent with the measurements of Uranus' radius and gravitational field at present. To answer this question a non-adiabatic model is needed, where the thermal and structure history of the planet are considered selfconsistently to determine the consequent evolution/structure.
Model
In order to model Uranus' thermal and structural evolution we combined our thermal evolution calculation of metal-rich planet (Vazan et al. 2018c ) with our planetary evolution code (Vazan et al. 2015 (Vazan et al. , 2016 . The model allows for heat transport by radiation, convection, and/or conduction depending on the local conditions at each time step. The interior structure evolves by convective-mixing in convective regions. The structure and evolution equations are solved simultaneously on an adaptive masstime mesh (Vazan et al. 2015) .
Interior structure parameter space
The initial planetary structure is characterized by the distribution of the heavy elements, (rock and/or ice) in radius. We vary both the heavy-element mass fraction distribution Z(r) and the composition of the assumed heavy elements. The parameter space of the Z(r) distribution includes composition gradients of various slopes, between the extreme distinct core-envelope structure (2 layers) and the shallowest gradient with an atmospheric enrichment of Z < 0.6. We also consider various slopes for the composition gradients on top of a distinct core. The heavy-element distribution Z(r) determines the initial metal enrichment in the outer gaseous atmosphere. Since at high pressures and temperatures hydrogen can be soluble in rock and ice (Chatterjee & Chen 2018) , we also consider cases with small fractions (up to 2%) of hydrogen in the core.
In most of our models the heavy elements are represented by a mixture of ice and rock. The reason is that for the pressure conditions in Uranus' interior we expect both ice and rock to be in ionic phases, and thus to favor a mixture (Hubbard et al. 1995) . The ice-to-rock (i.e., water-to-rock) ratio in Uranus is unknown (Podolak & Helled 2012; Helled et al. 2011 ). We use a 2:1 iceto-rock ratio, as is presumably expected at the formation location of Uranus (e.g., Helled & Bodenheimer 2014) as our standard case. However, we also consider a Pluto-like ratio of more rock than ice (1:2), and cases with pure-ice. For comparison, we also consider a 3-layer model, of a pure-ice shell on top of a rocky core.
We use the SCVH equation of state (EOS) for hydrogen and helium (Saumon et al. 1995) . In each mass layer the hydrogen and helium mass fractions are X = 0.72(1 − Z) and Y = 0.28(1 − Z) respectively, where Z is the metal (rock+ice) fraction. The EOS for ice (H 2 O) and rock (SiO 2 ) are improved versions of the calculation in Vazan et al. (2013) . The mixture of the heavy elements with hydrogen and helium is calculated using the additive volume law. More details about the rock and ice EOS, and their mixture can be found in Appendix A.
Interior energy content
The interior energy sources are modelled following Vazan et al. (2018c) , where the planetary energy is calculated accounting for the planetary formation (core accretion), iron differentiation, radioactive heating, solidification, and contraction. In this study we do not consider the energy associated with differentiation since the rock and the ice are assumed to stay mixed. The radioactive heating by the long-term radioactive elements (U, K, Th) is taken as in Nettelmann et al. (2011) for the fraction of the rock in the ice+rock mixture. We also exclude latent heat of solidification, since the solidification temperatures for a ice+rock mixture in high pressures is uncertain. Moreover, the temperatures in most of the ice+rock interior are usually above the critical point of both ice and rock (see Appendix A). The fraction of the initial energy content that is left in the metal-rich interior after its formation is a free parameter, to fit the current-stage measured values of Uranus. We consider values between 0.05 and 0.5. The planetary contraction is automatically included by the hydrostatic structure and the mixture EOSs.
Evolution model -thermal and structure
The effect of the composition distribution on the heat transport is included in the thermal evolution, as in Vazan et al. (2015) . The heat transport is determined by the Ledoux convection criterion (Ledoux 1947) , i.e., convection takes place when and where ∇ R > ∇ A + ∇ X . ∇ R and ∇ A are the radiative and adiabatic temperature gradients, respectively; and
is the composition contribution to the temperature gradient, which depends on the mass fraction gradient (dX j ) of each of the species ( j). For a uniform composition ∇ X = 0 and thus convection occurs when ∇ R > ∇ A , the simple convection criterion by Schwarzschild (1906) .
Within a region that is found to be convective we calculate the mixing of elements. The material transport by convective mixing is computed as a convective-diffusive process. The composition flux F j ∝ D(∂X j /∂m) is determined by the convective diffusion coefficient D = a 0 v c l c . This coefficient depends on the convective velocity v c and the mixing length l c , by a fraction between 0-1 (a 0 ). Here we take a 0 = 0.1. The convective velocity is determined by the mixing parameter, α, which is the ratio of the mixing length to the scale height 1 , α = l c /H p . Since the actual value is unknown, we consider α values between 5 × 10 −3 and 0.5 (see Appendix in Vazan et al. 2015, for details) .
If the convection criterion is not fulfilled, the heat is transported by radiation (which dominates in low-density regions) or conduction (which dominates in high-density regions). Conduc-tion and radiation are modelled as diffusive transports for a given opacity. The opacity is set by the harmonic mean of the conductive and radiative opacities. The radiative opacity is the analytical fit of Valencia et al. (2013) to the opacity tables of Freedman et al. (2008) . The metallicity for the opacity calculation is taken to be consistent with the initial envelope metallicity for each model. The atmospheric opacity, although uncertain, is crucial for determining the thermal evolution. Therefore, we consider several other radiative opacity calculations, as described in Appendix B. The conductive opacity is obtained as in Vazan et al. (2018c) , to fit conductivity of ice and rock in Earth's conditions. The outermost envelope (optical depth less than one) is taken to be an atmosphere. The model has a gray atmosphere (see Appendix A3 in Vazan et al. 2013 ). For Uranus we take constant albedo of A=0.3 and a stellar irradiation of T irr = 58.1 ± 1 K (Guillot & Gautier 2014).
The evolution of a non-adiabatic interior
The non-adiabatic evolution allows for heat transport by convection, radiation and/or conduction in each mass layer at each time step. Unlike in the case of adiabatic cooling, here the local material properties significantly influence the thermal evolution. Since material properties in high pressure are rather uncertain, in Appendix B we discuss the uncertainties in the thermal parameters (conductivity, radiative opacity, viscosity), and in model assumptions (layered-convection, number of layers).
For a non-adiabatic model, as time progresses the planet cools down from its "surface" via radiation. Below the radiative layer there is a convective region that its thickness increases with time. The heavy-element distribution within the planet evolves due to convective mixing, when regions with composition gradients develop large-scale convection. The transition region between the outer convective envelope and the stable inner region with composition gradients is characterized by a discontinuity in composition and temperature. If the (destabilizing) change in temperature at the transition dominates over the (stabilizing) change in composition, the convective region progresses inward, and the adiabatic region of the envelope expands. When the new composition discontinuity is sufficient to inhibit convection, the transition stops progressing inward in mass.
In previous studies we showed that the interiors of Jupiter and Saturn can change significantly in time due to convectivemixing if the composition gradient is shallow (Vazan et al. 2016 (Vazan et al. , 2018a . A shallow composition gradient is not stable against convection, and convective-mixing erases the gradient and leads to a homogeneous convective envelope. For Uranus, which is more metal-rich and smaller, the composition gradient is limited to the a much smaller region than in the gas giants, and thus, the composition gradient is typically steeper.
In a stable (steep) composition gradient region the heat is transported by conduction. The conductivity, although poorly constrained, is critical for simulating the planetary cooling properly. Moreover, the stable gradient which is modeled as being conductive in our simulation may develop layered-convection, which has an intermediate heat transport rate between large-scale convection and conduction (see Appendix B for further discussion).
However, if the gradient is too steep (stable) it may not be a sufficient thermal boundary to decelerate Uranus' cooling and explain its measured luminosity. A rough estimate of the minimal thickness of the thermal boundary layer can be derived from the diffusion timescale τ cond = D 2 ρ C p /κ. A layer of thickness D is needed to slow the interior cooling for diffusive time of τ cond = 5 × 10 9 yr. For heat capacity C p ∼ 1kJ/kg/K, density ρ = 1 − 5 × 10 3 kg/m 3 , and thermal conductivity κ = 2 − 6W/m/K (Stevenson et al. 1983 ) the thickness of the thermal boundary layer should be larger than several hundreds kilometers in order to insulate the interior heat content. In the case of a more efficient heat transport, such as layered-convection, the boundary length should be respectively larger.
Fit to observations
The evolution models are constrained by the measurements of Uranus' radius, effective temperature and moment of inertia (MoI), where the mass, irradiation temperature and albedo are input parameters. Ideally the current-state structure models should be consistent with Uranus' measured J 2 and J 4 , however, the accuracy of the evolution model cannot be as high as the ones of the static interior structure models, and thus we fit MoI instead of the gravitational moments. We vary Z(r) distribution and composition, the initial (from formation) energy content, the radiative opacity, and the mixing length parameter, as describe in Sec. 2.1-2.4. Thermal evolution models are a step toward linking early (formation) stages and current-stage. Unlike static structure models, here the structure at a given time is the result of the evolution of the previous time step. The model parameters and their range (inputs and outputs) are summarized in Table 1 . 
Results

Uranus interior and evolution models
We simulate the evolutionary tracks of hundreds of cases within the parameter space of our study (Sec. 2.5). While most of the models fail to fit all Uranus measurements, several of them do, and they are presented in detail below.
In Fig. 1 we present the evolution of Z(r) (up) and of the temperature profile (bottom) in Uranus for four representative models. All of these models are consistent with the observed parameters and yet have different structures: 2-layer model (left), steep gradient model (2nd), a shallow composition gradient model (3rd), and a steep rock-rich composition gradient (right). Within the parameter space we explored there are more models that fit Uranus measurements, and the four models we show represent a given family of solutions. More details of the models appear in Table 2 .
The 2-layer model (U-1), which has a distinct ice-envelope boundary, is the coldest. In this model each layer has a uniform composition and the planet cools down via large-scale convection (adiabatic cooling). There is no thermal boundaries in this model and therefore, the interior must be cold in order to be consistent with Uranus' low luminosity. We find that the current U-1 interior is cold enough to become (partially) conductive, in Table 2 . Details of the Uranus models in Fig. 2 at the current age: radius, luminosity, moment of inertia, outer envelope metallicity, metal composition, total mass of metals, and initial energy content (fraction of the total accretion energy: E acc = 3GM 2 /5R). The models are examples of different types of structure for Uranus. agreement with Podolak et al. (2019) . Hotter interiors of the 2-layer model cannot fit Uranus current luminosity. Model U-2 has a gradual distribution of ice+rock mixture (2:1) in the interior, from Z = 1 in the center to Z = 0.6 in the outer envelope. The thermal boundary caused by the composition gradient keeps the interior hot while the outer envelope is insulated from the hot deep interior.
The composition gradient in model U-3 is wider than that of U-2, i.e., the gradual region starts deeper in the interior and decreases all the way to the surface. As a result, the mass fraction of hydrogen and helium in the interior is higher. Therefore, U-3 must be colder in order to fit Uranus' radius today. Since the temperatures are lower in model U-3, the wider (shallower) composition gradient is found to be sufficient to prevent largescale convection. The inner gradual region then acts as a thermal boundary and slows down the interior cooling. U-3 like models with hotter interior result in a vigorous convective-mixing. In those cases a new adiabatic and metal-rich region is developed instead of the thermal boundary, and the models fail to fit Uranus MoI, luminosity and/or radius at current age. Model U-4 has a gradual distribution of rock-rich mixture of ice+rock (1:2). The high mean molecular weigh of this mixture requires hotter interior and/or lower total Z to fit the measurements. Thus, although convective mixing is less efficient for higher mean molecular weight Z (Vazan et al. 2015) , the hotter interior results in a similar magnitude of convective-mixing.
Next, we derive the interior properties of present-day Uranus. In Fig. 2 we show Uranus' temperature (left) and density (right) profiles for the four models presented in Fig. 1 . We compare our results with the Uranus models of Nettelmann et al. (2013) , and Uranus polynomial density profile of Helled et al. (2011) . We find that our 2-layer model is very similar to the models by Nettelmann et al. (2013) 2 . Our gradual models, on the other hand, are more consistent with the polynomial density profile of Helled et al. (2011) . It is clear from the temperature profiles in Fig. 2 that the gradual composition region acts as a thermal boundary, and as a result, the inner region in those cases is much hotter than the outer envelope. As expected, rock-rich interiors and colder interiors (of the same composition) are denser.
If we further follow the structure evolution for beyond 4.55 Gyr, we find that some of the valid models reached stable interior structures and some are still evolving. The Z(r) distribution of U-2 is already in a stable stage, and will remain the same in the future evolution (for t > 4.55 Gyr). The composition distribution in models U-3 and U-4 keeps changing in the upcoming Gyrs of evolution, as the outer convective region progresses inward. Model U-1 (core-envelope) is completely stable.
In Fig. 3 we show the radius (left) and luminosity (right) evolution for the four models. Since the initial radius depends on the initial energy content, which is a free model parameter, the initial radii are not the same for all cases. The U-1 model, which has no thermal boundaries, cools down and contracts very fast to its current cold interior. The other models are characterized by slower cooling and their low luminosity is the result of the composition thermal boundary that slows the heat transport from the inner interior to the surface. U-3 has an initial colder interior than U-2 and U-4 and therefore its luminosity is lower already in the early evolution stages. The profiles that are not smooth are the result of the non-uniform cooling in local regions in the interior where convective mixing in developed. 
Effect of non-adiabatic cooling
The consequences of composition gradients on the non-adiabatic evolution is illustrated in Fig. 4 . In this figure we recalculate the U-2 Uranus model (red), but once without considering convective-mixing (light gray) and once without considering any effect of the composition gradient on the heat transport (dark gray), i.e., interior heat transport is similar to that of a fully convective planet. As seen in the figure, both models cannot fit Uranus' measured luminosity or radius 3 . When convective-mixing is ignored (light gray), we essentially force the structure to maintain its composition gradient, and by that slow down the heat transport and keep the outer envelope metal poor. Therefore, the planetary contraction is decelerated, and the corresponding radius is too large at Uranus' current-age. When we allow the entire planet to cool by large scale convection (dark gray), i.e., ignore the thermal effect of the composition gradient, the planet cools down and contracts much faster and we can reproduce Uranus' measured radius. However, the luminosity of such "adiabatic" model is much too high. Overall we find 5-10% change in radius by the non-adiabatic cooling of Uranus as a result of a composition gradient. Thus, if Uranus' interior consist of composition gradients, its thermal evolution cannot be modeled by a simple large-scale convection model.
Common properties of the valid Uranus models
We find that the models that successfully explain Uranus' luminosity have some common properties; in these models the outer 20% of the planet radius develops a large-scale convection on top of a stratified inner region. This convective layer is metal-rich (Z > 0.6) for all models except the 2-layer (U-1). Interestingly, this outer metal-rich convective region is consistent with the prediction for the location where Uranus' magnetic field is generated (Stanley & Bloxham 2004 . Considering the high metallicity of Uranus, and the outer convective envelope, the composition gradients is rather steep. Since steep composition gradients are more stable against convection, most of Uranus' interior remains stable. This result is consistent with the recent study of Podolak et al. (2019) . We also find that convectivemixing, when occurs, is limited to the outer part of the planet. Thus, unlike in the case of giant planets, the current structure of Uranus might not be very different from its primordial one.
We also find that the temperatures in the deep interior are not well-determined, and can be significantly higher than the one expected from an adiabatic interior. When using initial interior energy to be (fraction of) the formation energy, we find that the current central temperature of Uranus varies between 3000 and several tens of thousands(!) Kelvin. The deep interior might be insulated from the outer region, and therefore a very hot interior is possible. Such hot interiors are still consistent with the available measurements (Podolak et al. 2019 ). Yet, the temperature is limited by the initial energy content (from formation). We find that if the initial energy content is greater than 20% of the accretion energy, Uranus' measured properties cannot be reproduced. In some of these cases convection is too vigorous and erases the composition gradient, and in all cases the radius and/or luminosity are higher than the measured ones. Cold interiors with composition gradients also fit observations, but then the challenge is to explain how the planet cooled so efficiently while maintaining its composition gradient. Overall, the range of pressuretemperature regime of Uranus in our models is much wider than in standard adiabatic models.
The atmospheric opacity of all valid models does not include grains. High atmospheric opacity slows down the planet cooling and usually results in too high luminosity at present. Models with grain opacity failed to fit Uranus' luminosity, unless the initial interior is very cold. The total heavy-element mass in all our Uranus models varies within the range of 80% to 95% of the planet mass, in agreement with Helled et al. (2011); Podolak et al. (2019) . The variation in heavy-element mass is by the heavy-element composition (rock/ice) and the interior temperature profile. For example, for the same ice-to-rock ratio of 2:1 the hot gradual models are more metal-rich (up to 95%), while the cold gradual models contain only 85%. As expected, the metallicity decreases when increasing the rock enrichment (1:2).
Discussion and Conclusions
Our study shows that Uranus' low luminosity can be explained by a structure (and evolution) with composition gradients. We calculate the thermal evolution of Uranus self-consistently with its structure evolution for a wide range of composition gradients. We find, rather than assumed, that a composition gradient between the metal-rich deep interior and the hydrogen-rich envelope is stable throughout Gyrs of evolution and is consistent with Uranus' observed properties. Although a large fraction of Uranus' interior can be convective, the intermediate gradual region isolates the inner hot region from the observed atmosphere. The inefficient heat transport of a non-adiabatic interior suggests that several structure configurations are compatible with Uranus' measured properties.
Our study demonstrates that Uranus' deep interior could have a large range of temperatures due to its insulation from the outer region. The temperatures in the planet's interior are of great importance for the thermodynamic state of the materials, and their interactions (e.g., Keppler & Audetat 2005; Bali et al. 2013; Soubiran et al. 2017) . For example, the water ice phases in Uranus are usually derived from adiabatic structure models (e.g., Redmer et al. 2011; Wilson et al. 2013) . Some of the models we present here have much hotter interiors where most of the water is fluid, and is in ionized and plasma phase. In the outer region (exterior to the thermal boundary) the water is molecular in liquid or solid state. The different properties of water and rock in our models conditions (see Appendix B for discussion), have consequences on the thermodynamic processes that take place in Uranus interior, and therefore on the way the measurements are interpreted (e.g., Helled et al. 2011; Podolak & Helled 2012) .
In this work we assumed that the composition gradients in Uranus are primordial and a result of its formation process. However, it is possible that the composition gradients are created at a later stage, for example, as a result of a giant impact, which is often required to explain Uranus' axis tilt and regular moons (Stevenson 1986; Podolak & Helled 2012) . Indeed, giant impacts may change the composition distribution after planet formation phase (Reinhardt et al. 2019; Liu et al. 2019) . In a previous study we showed that gradients that are formed at a later stage are more likely to survive because of the lower interior temperatures and thus lower mixing efficiency (Vazan et al. 2016) . Nevertheless, the models presented here could also represent the outcome of a giant impact scenario, since the exact initial heavy-element distribution and temperature profile are model variables.
Our main conclusions are summarized below:
1. A composition gradient in Uranus' interior naturally explains its low luminosity, without the need of artificial thermal boundaries. Different types of composition gradients are stable during the evolution and are sufficient to slow down the cooling and fit the observed radius, moment of inertia, and luminosity. 2. The initial energy content of Uranus cannot be greater than 20% of its formation (solid accretion) energy. Primordial models with higher energy fail to fit the observations. 3. A mixture of ice and rock in Uranus' deep interior, rather than separate ice and rock shells, is consistent with Uranus' measured properties, suggesting that Uranus might not be differentiated. 4. Convective mixing is limited in Uranus' outermost region.
This suggests that Uranus' current atmosphere is not very different from its primordial atmosphere, in contrast to giant planets. 5. Two-and three-layer models of Uranus are able to fit Uranus properties only if the interior is very cold and (partially) conductive. 6. Uranus is probably non-adiabatic, and therefore cannot be modeled by a simple large scale convection model. The effect of the non-adiabatic cooling of Uranus (by composition gradient) on its current radius is 5-10%. 7. The total heavy-element mass fraction in Uranus is affected by the non-adiabatic evolution. The hot gradual models more metal-rich (up to 95%) than the cold ones (∼80%). 8. Uranus' atmospheric opacity cannot be very high during its evolution. Models with grain atmospheric opacity cannot explain Uranus' low luminosity, unless the primordial interior is very cold.
While our work concentrates on Uranus, it can also be applied to Neptune. The fact that Neptune's luminosity seems to be consistent with adiabatic cooling does not necessarily mean that it is indeed adiabatic. Uranus and Neptune represent an important link in the chain between terrestrial planets and gas giants, and are a key to understand planet formation. Nonetheless, the ice giants are the least-explored planets in our solar system, and much is unknown about their interior properties. It is therefore clear that efforts in both the modeling and observational fronts are needed. In addition, we suggest that in order to characterize the ice giants a better understanding of material properties and their interactions in high pressures and temperature conditions is needed.
Finally, we hope that a future space mission(s) to the ice giants will provide accurate measurements of their gravitational and magnetic fields, and atmospheric compositions which will then be used to further constrain their current-state internal structure, and will therefore improve our understanding of their origin and evolution. ferent measured properties for the same planet after several Gyrs of evolution. Valencia et al. (2013) , (P) Pollack et al. (1985) . The density range is for pressures between 0.1 millibar and 100 bar.
Viscosity In a heavy-element-rich interior the viscosity determines the convective velocity (e.g., Stevenson et al. 1983) . The viscosity at high pressure depends on the material phase, which is difficult to determine at high pressure-temperature conditions. As is shown in Fig. A.1 , the inner pure-Z region (white rectangle), and most of the region with composition gradient (gray rectangles) have temperatures much higher than ice+rock critical point (e.g., Kessel et al. 2005) , and even higher than the uncertain SiO 2 dissociation conditions (Melosh 2007) . Only the planetary envelope (black rectangle) is below the critical point of rock, and only part of it is below the critical point of ice. Therefore we assume low (liquid) viscosity in the deep interior, which is also consistent with the viscosity calculation for ice (French & Nettelmann 2019) .
Layered-convection In planetary interior with composition gradients heat can be transported by layered/double-diffusive convection (Leconte & Chabrier 2012) . Layered convection occurs in regions that are found to be stable against convection according to the Ledoux criterion, but unstable according to Schwarzschild criterion (Rosenblum et al. 2011; Wood et al. 2013) , i.e., in locations where the composition gradient suppresses large-scale convection. In our model we assume that nonconvective regions are conductive and/or radiative. Layered convection, which is an intermediate heat transport mechanism, is not considered. Therefore, the heat transport rate in our model can be taken as a lower bound. As a result, our models provide an upper bound for the possible thermal boundary and the maximum effect of the composition gradient on Uranus' thermal evolution.
